Tests for fecal (thermotolerant) and total coliforms applied to drinking and recreational waters are convenient but not necessarily accurate indicators of the presence of pathogens originating from the intestines of warm-blooded animals. These tests may be inappropriate for analyses of complex industrial effluents such as pulp mill effluents, which may contain bacteria that yield a positive result in fecal and total coliform tests, even though no fecal source exists. Consequently, other more specific indicators for the presence of potential pathogens are needed. In cases where the sources of, or validity of, fecal responses are problematic, the direct examination of pathogens, and/or the use of new source-tracking techniques, such as DNA fingerprinting, may be better approaches for protecting public health.
Introduction
Since the early part of the 20 th century, water quality has been monitored by methods that include analyses for coliform bacteria, i.e., organisms once believed to be unique to the gastrointestinal tracts of animals (Gerba 1987) . It is now recognized that some of the organisms that may be enumerated as total or fecal (thermotolerant) coliforms, e.g., Klebsiella, Citrobacter, and Enterobacter spp., represent a group of organisms that can be found in both animal and non-animal entities, including wood, soils, and vegetation. These non-enteric sources may contribute to elevated responses of fecal coliform assays applied to pulp mill effluents with no sanitary sewer connections (Archibald 2000; Capelenas and Kanarek 1984; NCASI 1971a) , even in cases where animal sources of bacteria are low or absent (NCASI 1971b; Clarke et al. 1992) .
Significant information has appeared in the scientific literature which documents the occurrence and growth of Klebsiella pneumoniae as well as other members of the Enterobacteriacae in natural woods and vegetation (Cosenza et al. 1970; DeGroot and Sachs 1976; Maloy and Robinson 1968) . Today, many scientists and policy-makers recognize the ubiquitous nature of coliform bacteria, and since the 1980s there have been important developments in the proposed utilization of more specif-TAMPLIN ic tests for measuring human fecal impact on water. Enterococci and Escherichia coli have been shown to have better predictive values of human gastroenteritis than fecal coliforms in surface, marine and fresh waters (Dufour 1984; Cabelli 1983) . However, progress in implementing E. coli and enterococci tests has been slow, and tests for fecal coliforms are still required in many circumstances where bacterial water quality must be established. This includes tests of recreational and shellfish harvesting waters, even though E. coli and enterococci tests would provide at least equal protection with fewer chances for false positives and the associated adverse societal and economic impact.
Because of the difficulties associated with developing and utilizing tests for specific waterborne pathogenic bacteria, the desire to employ tests for indicator organisms is reasonable. There are desirable characteristics of indicator organism tests, and these are discussed in the review which follows. It should be noted that the fecal coliform assay applied to pulp mill effluents responds to Klebsiella and E. coli, and that (1) these bacteria multiply in effluent biological treatment systems, (2) this multiplication obviates the proportionality between the fecal coliform analysis result and pathogens which may be present which does not multiply therein, and (3) the survival of the indicator is no longer equal to that of the pathogen.
The development of DNA fingerprinting techniques and other advanced methods has provided pathways by which valid assessments of the sources of pathogens tentatively identified via indicator tests may be undertaken. These newer methods may be applied in various situations where it is necessary to differentiate sources of microbial input (Parveen et al. 1999) .
The review which follows provides an examination of the background, science, issues, and applications concerning the use of indicator bacteria and newer methods to assess water quality, with focus on pulp mill effluents as an example of matrices in which total and fecal coliform assays may be misapplied.
Fecal Bacteria
Feces contains a variety of microorganisms that are present in high concentrations of up to 10 10 per gram (Fiksdal et al. 1985) . By far the dominant intestinal organisms are anaerobic bacteria. Most of these species are not pathogenic to humans, but are essential for maintaining normal functions of the gastrointestinal system. Facultative intestinal bacteria are also mostly non-pathogenic, however this group contains the majority of species that cause human disease, such as pathogenic strains of Campylobacter, Salmonella, E. coli and Shigella.
There is justifiable concern regarding microorganisms that originate from humans, because humans serve as reservoirs and reseed the environment with pathogens. We are concerned to a lesser extent with animal feces, because it does not harbor as many human pathogens.
They rarely carry human viruses like Hepatitis A and Norwalk, or bacteria such as Shigella, Salmonella typhi, Salmonella typhimurium, and certain pathogenic strains of E. coli. However, animals can be sources of human pathogens. For example, domestic bovine animals (cows) harbor the parasite Cryptosporidium parvum and E. coli O157:H7; poultry contain Campylobacter spp. and various cold-and warm-blooded animals can carry Salmonella spp.
Indicators of Fecal Contamination

Indicators of the Sanitary Quality of Water
An indicator is an organism or substance whose presence and concentration signals the occurrence of another entity in a matrix under examination. Addressed by this review is whether fecal coliforms constitute the best indicator for pathogens potentially found in pulp and paper mill effluents. In that it has been acknowledged already that no one indicator may be best in all situations (e.g., U.S. Environmental Protection Agency's recommendation that enterococci should be substituted for E. coli and fecal coliforms for assessing potential risks associated with recreational marine waters), it is not unreasonable to question other circumstances, e.g., whether fecal coliforms are appropriate indicators for pulp mill effluents.
When considering the appropriate indicator for a specific situation, these ideal indicator properties should be considered:
• The concentration of the indicator should be higher than that of the hazard it predicts, and the indicator must be detectable when the hazard is present at non-hazardous concentrations.
• The indicator should not multiply in the environment.
• The concentration of the indicator should vary proportionally with the concentration of the hazard.
• The survival of the indicator should be equal to or greater than that of the hazard.
• The indicator test should be highly reproducible and standardized, so that similar results may be obtained by various laboratories.
Bacterial Water Quality Standards Development
The coliform group has been used by the U.S. Public Health Service as an indicator of fecal contamination from as early as 1914 (Gerba 1987) . Total coliforms include the aerobic and facultative anaerobic, gram-negative, non-spore-forming, rod-shaped bacteria that ferment lactose with acid and gas production within 48 hours at 35°C (APHA 1989) . This group includes E. coli, and various members of the genera Enterobacter, Klebsiella, and Citrobacter. These coliforms are discharged in high numbers (2 x 10 9 coliforms/day/capita) in human and animal feces (Gerba 1987) . However, not all strains of these bacteria are of fecal origin.
Fecal coliforms are thermotolerant and include all coliforms that can ferment lactose at 44.5°C in 24 hours. This group of organisms includes E. coli and K. pneumoniae, both of which are not specific to human or animal feces. Reports show that these species can be found not only in feces, but also various forms of plant material (Cosenza et al. 1970; DeGroot and Sachs 1976; Knittel et al. 1978; Maloy and Robinson 1968) .
Members of the fecal streptococci persist well, and have the potential for reproducing in aquatic environments. A subgroup of the streptococci, the enterococci has been suggested as a useful indicator for viruses in seawater (APHA 1992; Bitton 1999) . Some have proposed that a ratio of fecal coliforms to fecal streptococci (FC/FS) can serve to discriminate the pollution source as human or non-human origin (Geldreich and Kenner 1969) , however others have questioned the usefulness of this approach, showing that the organisms have different survival rates and sensitivities to water treatments (Pourcher et al. 1991) . Furthermore, their utility as indicators of human fecal pollution is also criticized in reports showing that enterococci are ubiquitous, and can persist and grow on vegetables and other plant waste (Gauthier and Archibald 2001; Geldreich and Kenner 1969; Mundt 1961 Mundt , 1963 . Fecal streptococci are discussed in greater detail below.
Anaerobic bacteria have also been considered as indicators. These include Clostridium perfringens which represents 0.5 percent of the fecal microflora (Fujioka 1997; Payment et al. 1993) , Bifidobacteria which are one-third of the fecal microflora (Bitton 1999) , and Bacteroides that occur at 10 10 cells per gram of feces (Fiksdal et al. 1985) . However, these indicators have not gained broad acceptance due to undesirable environmental survival patterns, and/or lack of validation studies.
Specific viruses have been suggested as indicators of pathogens, especially viral pathogens. For example, bacteriophages (i.e., viruses of bacteria), are similar to enteric viruses, but are more easily detected and found in higher numbers in wastewater than enteric viruses (Bitton 1980; Goyal et al. 1987) . However, it has been questioned whether bacteriophages are good surrogates for enteroviruses in all situations (Gerba 1987) . F-specific bacteriophages are not frequently found in human feces but are good indicators of wastewaters and viral contamination in the marine environment (Bitton 1999 ).
Sources and Ecology of Coliform Bacteria, Considering Wood-Derived Sources
E. coli
The primary reservoir of E. coli is the intestines of warm-blooded animals. Of the species that constitute the total and fecal coliform groups, E. coli is the most specific to animal and human gastrointestinal tracts. In the majority of studies of pulp mill effluents, E. coli has not been shown to be a dominant component of the flora. In many instances, E. coli is absent when the fecal coliform test is positive and Klebsiella have been detected. Nevertheless, there are reports of E. coli in mill environments, even those with no sanitary sewer connection to process wastewater or effluent treatment (Gauthier and Archibald 2001; Hendry et al. 1982; MeGraw and Farkas 1993; Niemi et al. 1987) . For example, MeGraw and Farkas (1993) observed that E. coli was present in the chip screw pressate only during the processing of whole log chips, absent in pressate of two-week-stored saw mill chips, and they postulated that E. coli grew in log wash water. Furthermore, they found E. coli in fresh whole-log and sawmill chips from poplar, maple, and basswood/poplar mix, but not in the bark of these trees, indicating root transfer rather than surface contamination. This finding is similar to that of Bagley et al. (1978) , who isolated Klebsiella and other coliform bacteria from inside trees. More recently, Gauthier and Archibald (2001) analyzed numerous samples from seven Canadian pulp and paper mill water systems and observed that E. coli replicated within the mill environment. This occurred even though all but one of the mills had no sewer input, and most mills disinfected their input water. The primary clarifier was found to be a major site of E. coli (and other members of the coliform group) replication. Whole dry logs stored for up to one year did not yield E. coli, likely due to the lethal effects of dessication (MeGraw and Farkas 1993) . In another study, Niemi et al. (1987) reported that E. coli multiplied and persisted as the dominant thermotolerant coliform in a pulp and board mill that used birch as the raw material and ammonium sulfate as the process chemical. E. coli has also been shown to persist in tropical soils and may not be an appropriate indicator of fecal pollution in these environments (Byappanahalli and Fujioka 1998) .
These findings indicate that the presence or absence of E. coli in mill process waters may be specific to some operations, or to local circumstances. In this regard, in cases where sewage is known to enter the system, the proportion of coliforms from sewage and the proportion of wood-derived coliforms simply growing there will not be known. This can markedly complicate efforts to link measured coliform and enterococci levels to levels of sewage contamination or health hazards.
Klebsiella
Coliform bacteria have been isolated from pristine sites, including those of tropical rainforests (Rivera et al. 1988 ). The non-specific nature of coliform bacteria in living and cut wood (e.g., tree needles, bark) and other botanical environments has been established in many studies (Cosenza et al. 1970; DeGroot and Sachs 1976; Knittel et al. 1978; Maloy and Robinson 1968) . In most cases, the coliforms identified have been Klebsiella spp., Enterobacter spp., and Citrobacter spp. Hypotheses about the origins of these organisms include entrance through the root systems and up the trunks, as evidenced by scanning electron microscopy of tracheal tubes (Bagley et al. 1978) . As reported by Bagley et al. (1978) , the high numbers of Klebsiella spp. and Enterobacter spp. in samples of wood "clear-ly indicate that these organisms are indigenous to the wood." It was observed that Klebsiella were capable of multiplying to very high numbers (10 6 /mL) in aqueous extracts of sawdust and on the surfaces of vegetables (10 3 /g of surface peel). In addition, Gauthier and Archibald (2001) found that K. pneumoniae, K. cloacae and E. coli grew to very high densities in sterilized raw, combined mill effluent.
The growth of these species in relatively nitrogen-limited environments, such as those of pulp mill effluents, likely results from their ability to fix atmospheric nitrogen and to grow at mesophilic temperatures on simple sugars (LeChevallier et al. 1996; Neilson and Sparell 1976) . For example, Knowles et al. (1974) observed that 32% of 129 Klebsiella isolates from pulp mills, lakes, rivers, and drainage and sewage systems possessed nitrogen-fixing ability. In addition, Gauthier et al. (2000) demonstrated active in situ nitrogen fixation by coliforms in a pulp mill primary clarifier. However, many modern pulp mill effluent treatment systems operate using added nutrients, and the nitrogen limitation observed in untreated effluents may not be the only factor in promoting Klebsiella proliferation.
Fecal Streptococci and Enterococci
Fecal streptococci have been used for many years as indicators of fecal pollution (Bartley and Slanetz 1960) , and more recently have gained greater acceptance as an indicator for fresh and marine surface bathing waters (Dufour 1984; Cabelli 1983) . They appear to show some properties of a valid indicator for enteroviruses, since (1) their survival in wastewater treatment systems is similar to that of viruses, (2) they are not harmful, and (3) they do not multiply in water (Bartley and Slanetz 1960) . However, the latter property may not apply to all waters, since other investigators present evidence that in six pulp and paper mill water systems having no sewage inputs, enterococci were numerous and always present (Gauthier and Archibald 2001) .
The fecal streptococci group contains a number of Streptococcus species, including S. faecalis, S. faecium, S. avium, S. bovis, S. equinus, and S. gallinarum, and their primary habitat is the gastrointestinal tract of warm-blooded animals (APHA 1992). At one time it was thought that the presence of certain fecal streptococci species could be used to differentiate the source of fecal pollution, however studies have shown less host specificity, and this application is not recommended. Furthermore, several of these species have been reported from non-mammalian sources, such as insects and plants (Clausen et al. 1977; Geldreich et al. 1964) . The ratio of fecal coliforms to fecal streptococci is also not recommended for differentiating fecal sources (APHA 1992) .
The enterococci are a subgroup of the fecal streptococci, and include the species S. faecalis, S. faecium, S. gallinarum, and S. avium. They can be isolated from samples using the procedures for fecal streptococci, but the enterococci have the ability to grow in 6.5% sodium chloride, at pH 9.6, and at 10°C and 45°C. Studies of swimming-associated gastroenteritis at fresh and marine bathing beaches, showed that enterococci are more effective indicators of sanitary water quality than fecal coliforms (Cabelli 1983; Dufour 1984) . The recommended guideline for enterococci is 33/100 mL for fresh waters, and 35/100 mL for marine waters, based on the geometric mean of at least five samples per 30-d period of the swimming season (U.S. Environmental Protection Agency 1986).
Public Health Risk Potential of Waterborne/Airborne Coliform Bacteria
Klebsiella
Since Klebsiella are known to exist in pulp mill environments at elevated concentrations, some researchers have questioned whether this species constitutes a potential health hazard. The consensus of several published studies is that waterborne exposure to Klebsiella in general does not cause adverse health effects, likely because most are normal flora of humans and are easily controlled by host defense mechanisms. Furthermore, there is no known epidemiological evidence that the presence of Klebsiella in recreational waters constitutes a public health hazard (Duncan 1988a,b; NCASI 1972) .
Klebsiella infections are opportunistic in nature, occurring in immunocompromised persons such as alcoholics, and are normally acquired in hospital and other health care settings. Although a few reports suggest that there is potential concern for occupational exposure, this assertion is not substantiated by epidemiological reports (Duncan 1988a; Kanarek and Caplenas 1981; Niemelä et al. 1985) .
The Ontario Ministry of the Environment commissioned a review of Klebsiella to address concerns about its prevalence in pulp and paper mills. The resulting paper by Duncan (1988a) concluded that the organism is an opportunistic pathogen, and rarely causes community-based infections. That report further states that pneumonia caused by K. pneumoniae normally occurs among hospitalized individuals who are immunocompromised. In otherwise healthy persons, it can cause urinary tract infections transmitted by the body's own Klebsiella flora, although other intestinal flora are more likely to be etiological agents of urinary tract infections. Duncan (1988a,b) concluded that recreational waters are not associated with Klebsiella infection.
Earlier studies by Kanarek and Caplenas (1981) found that 4% to 97% of fecal coliforms in pulp and paper mill waters were Klebsiella spp., and that similar biotypes, as expected, were found in nasal cavities of workers. The authors found no conclusive evidence that Klebsiella colonization significantly differed between exposed and unexposed workers. Unfortunately, at the time of these studies, DNA fingerprinting techniques were not widely available; if so, they could have confirmed whether the isolates were normal flora of the workers or those from the mill environment.
In a similar study, Niemelä et al. (1985) reported the incidence of selected microbes in the proximal nasal cavity of paper industry workers, and showed that a variety of organisms could be isolated from both control (personnel in dry work areas) and test groups (personnel in wet work areas). Significant differences between the groups were reported for gramnegative rods, yeast, molds, and Klebsiella species, and presumably reflected the higher incidence of aerosols in the wetter environments. Isolation of these bacteria from nasal cavities would be expected. These same investigators reported a "lack of association of nasopharyngeal symptoms with either exposure to aerosols or nasal microbial contamination."
Other studies have found few phenotypic differences among naturally occurring isolates and those from healthy humans. For example, researchers have shown that isolates of Klebsiella from natural receiving waters differ only in the production of indole from Klebsiella isolated from non-hospitalized humans (NCASI 1975) . Other characteristics, including serotype diversity and low antibiotic resistance, were similar among these Klebsiella strains (Matsen et al. 1974; NCASI 1975) .
Similar to the case for pulp mill effluents, Klebsiella can also represent the predominant species of elevated fecal coliforms in shellfish. U.S. Food and Drug Administration researchers investigated the virulence of these isolates in a mouse model and found that the majority of strains were non-pathogenic (Boutin et al. 1986 ).
Escherichia coli
The majority of E. coli strains are non-pathogenic, and can be found in high concentrations in the intestinal tract of most warm-blooded animals. In some instances, E. coli can be pathogenic and are classified as enterotoxigenic, enteropathogenic, enterohemorrhagic, enteroinvasive, and enteroaggregative (Guerrant and Thielman 1995; Levine 1987) . In a study of E. coli isolates from multiple paper and pulp mill waters, none of the isolates possessed virulence properties associated with pathogenic strains (Gauthier and Archibald 2001) . This information indicates that E. coli isolates from mill effluents with no obvious fecal input may be tested for virulence properties to assess human health risks.
Association of Pulp Mill Effluents with Coliform Bacteria
Dating back to 1960, the National Council for Air and Stream Improvement (NCASI) conducted extensive studies investigating the occurrence of the coliform group of bacteria in process and natural waters, the growth of Klebsiella in process waters, as well as more suitable indicator organisms. In a two-year study on the Rainy River located between Ontario and Minnesota (NCASI 1971a), over 2000 presumptive total coliforms were isolated, of which approximately 30% and 15% were fecal coliforms and E. coli, respectively. In a separate study of 12 mills, NCASI (1971a) concluded that process areas and streams were very conducive to proliferation of Klebsiella-like organisms, even when sanitary and process waste streams were separated. Another study conducted from 1966 to 1967 showed that fecal coliforms, fecal streptococci, and enteric pathogens were commonly isolated from remote sampling stations with low human use (NCASI 1971b) .
Various other studies have determined that E. coli and enterococci are better indicators of fecal contamination. A study of pulp mill effluents from six northwestern mills, conducted by NCASI, found that E. coli represented 0 to 40% of the fecal coliform population. Also in this study, when two of the six sites had fecal coliform levels above the standard, none violated standards when E. coli was enumerated, and levels ranged from none detected to seven per 100 mL.
In an investigation of Wisconsin pulp and paper mills for fecal coliforms and Klebsiella, up to 90% of non-fecal source thermotolerant K. pneumoniae were falsely identified as fecal source bacteria (Caplenas and Kanarek 1984) . Due to a lack of specificity in the fecal coliform test, the authors recommended that a more reliable health risk assessment of fecal bacteria be used. Caplenas et al. (1981) investigated three pulp and paper mills for fecal coliforms and K. pneumoniae bacterial concentrations. They reported that input freshwater streams contained less than 10 cells per 100 mL, yet elevated concentrations could be traced from the early pulping stages to water processing reuse systems. Concentrations of both thermotolerant and non-thermotolerant strains ranged from 4 x 10 4 to an estimated 3 x 10 6 per 100 mL. Wastewater treatment had limited effects on reducing K. pneumoniae concentrations. Similar observations have been reported for seven Canadian pulp and paper mill water systems in which very high densities of Klebsiella spp. were found in process waters and biosolids, even though only one had a sewage connection and most input waters were disinfected (Gauthier and Archibald 2001) . Richards (1995) provides a thorough evaluation of, and potential solution to, fecal coliform permit violations at a pulp and paper mill in Virginia, where process waters were connected to sanitary sewers. In exhaustive studies of the potential causes for elevated effluent fecal coliforms, Richards examined both sanitary and process wastewater streams, and concluded that the primary problem was Klebsiella growth in process waters. The author's recommendations included changing to a better indicator system, such as enterococci or E. coli and, although not supported by the observations, removing the connection between the sanitary discharge and the process waste system.
Common Test Formats for Measuring and
Identifying Indicator Bacteria
Most Probable Number
The most probable number (MPN) technique is a simple procedure for estimating the number of bacteria in a sample, and is widely used for water and shellfish-harvesting waters. The method is simple to perform, and typically has greater sensitivity than membrane filter or plating methods, because the organism is not subjected to dessication on the surface of a medium, nor changes in pressure caused by filtration. The main drawbacks to the technique are the labour in preparing and conducting the tests, and the wide variation in MPN values which may result when few sample replicates are tested. However, the latter situation can be improved by increasing the number of replicates, such as by using a 10-tube or 96-well device, versus the more common three-and five-tube formats.
Membrane Filtration
Membrane filtration (MF) was developed to improve the accuracy of, and reduce the time and cost for, enumerating coliforms, fecal coliforms, E. coli, enterococci, and other organisms (Dufour and Cabelli 1975) . Unlike the MPN broth method, MF provides isolated colonies that can be enumerated on a gridded surface. Current test formats normally incorporate selective and differential components in an agar medium, onto which the filter is placed and incubated. The MF formats for E. coli and enterococci are likely to move more laboratories away from the less fecal-specific fecal coliform MPN test.
Even with these advantages, there are some limitations that should be noted. Samples with high turbidity are not recommended for this procedure, since particulate matter and high background flora cause interference. Also, samples with high levels of target organism and interfering bacteria, such as in sewage, need to be diluted appropriately. Another consideration is that a representative number of colonies must be selected from the filter when extrapolating the confirmed species to other colonies with similar morphology. Otherwise, there will be a gross over-or underestimation.
Both MF and MPN broth tests can be used to estimate levels of E. coli and enterococci (APHA 1992) , although the MF procedure is not normally recommended for turbid samples with low bacterial counts. For enterococci, the MF technique involves filtration of the sample, incubation on agar, followed by incubation of the same membrane on a substrate medium (APHA 1992). The MPN procedure for enterococci involves culture in broth, followed by culture on agar (APHA 1992).
MUG Test
The MUG test for E. coli has gained widespread acceptance due to its simplicity and rapid format (APHA 1992) . The majority of E. coli strains are unique in producing the enzyme β-glucuronidase, which can hydrolyze 4-methylumbelliferyl-beta-D-glucuronide (MUG) and produce a fluorescent compound under a 366-nm ultraviolet light. MUG, as well as analogs that can be visually perceived, and have been conveniently incorporated into broths, agar, and other rapid test formats.
New Techniques for Tracing Sources of Microorganisms
Certain questions that are historically raised concerning sources of fecal bacteria can now be addressed with newer methods that permit microorganisms to be identified and tracked (DNA "fingerprinted"). Using these techniques, a bacterial strain may be traced from its source to different points throughout a production environment. Such techniques can determine whether, for example, E. coli strains originate from human or animal sources.
Pulsed-Field Gel Electrophoresis
There is extensive literature showing that pulsed-field gel electrophoresis (PFGE) is a useful tool for discriminating bacterial strains (Bohm and Karch 1992; Buchrieser et al. 1991; Buchrieser et al. 1995; Prevost et al. 1992; Schoonmaker et al. 1992) . The principle of PFGE is based on the distance that large DNA fragments migrate when subjected to an electrical field. It has been used extensively in epidemiological studies, but relatively less in environmental research. PFGE would very useful when tracing the movement of a specific bacterial strain from process system input through discharge.
Ribotyping
A more conservative DNA fingerprinting method is ribotyping, whereby the size of DNA fragments that code for 16s and 23s ribosomal RNA genes are measured. The technique is less discriminatory than PFGE, but can be used to determine the type of input source (Prevost et al. 1992; Tamplin et al. 1996) . For example, certain ribotypes have been associated with specific bacterial species and subtypes (Prevost et al. 1992; Snipes et al. 1992; Tamplin et al. 1996) . Parveen et al. (1999) showed that ribotyping can differentiate sources of E. coli as either human or nonhuman, and they have applied the technique to solving pollution problems for certain municipalities.
Multiple Antibiotic Resistance
An organism's sensitivity to antibiotics can also be used to evaluate its source. For example, human E. coli are much more resistant to multiple antibiotics than non-human (e.g., wildlife) isolates (Parveen et al. 1998 ). The technique is rapid and inexpensive, and most suitable when human sources of fecal pollution are suspected.
Conclusions
In general, assessing the safety of water will always be a dynamic process, involving the recognition of new hazards, establishing new critical limits, and developing more accurate and sensitive methods. It should not be surprising, therefore, that coliform tests have become increasingly out-dated with the advent of better indicators and more sophisticated exposure assessment techniques.
Specific to pulp mill effluents, the following conclusions are important, based upon the review presented here:
• Pulp mill effluents may yield positive responses when analyzed for coliform bacteria and for fecal coliform bacteria. These responses are usually due to the presence of members of the Klebsiella species in the effluents. These bacteria are not pathogenic, and may not indicate the presence of pathogens.
• In some cases, the positive responses of pulp mill effluents to coliform and fecal coliform assays may be due to the presence of one or more strains of E. coli. In certain instances, these strains may be able to reproduce, however these strains are normally not of human gastrointestinal origin (except possibly in cases where there is a sanitary sewer hookup), and are brought into the mills with the furnish, i.e., they are incorporated into the tree components in the forest. The strains of E. coli thus encountered are not anticipated to be pathogenic. Comprehensive research to trace the origins of E. coli in mill environments, such as using DNA fingerprinting, has not been conducted.
• The use of coliform and fecal coliform tests to assess the bacteriological quality of pulp mill effluents does not yield information useful for assessing the potential for exposure to disease-causing organisms. More specific indicators, or direct tests, of human pathogens are needed to better estimate human health risk.
